Fermentation of whey by Clostridium acetobutylicum yielded butanol and acetone in a ratio of approximately 100:1. This ratio amounted to only 2:1 in synthetic media with glucose, lactose, or glucose plus galactose as substrates. Removal of citrate from whey and addition of minerals resulted in an increase in the amount of acetone produced. Experiments carried out in a chemostat with a low-phosphate synthetic medium revealed that the butanol/acetone ratio could be increased from 2:1 to 3.8:1 by cofermentation of L-lactate and from 2:1 to 8:1 by iron limitation. The performance of the fermentation in a low-iron glucose medium above pH 5.1 yielded L-lactate as the main product.
Owing to the growing interest in the production of fuels and chemicals from biomass, the well-known butanolacetone fermentation as carried out by Clostridium acetobutylicum has been intensely studied again in recent years (10) . It was possible to establish several solvent-yielding fermentation processes; they are operated by using batch or continuous cultures (5, 9, 19) , chemostats with cell recycling (1) , or immobilized cell systems (13) . These processes yield butanol, acetone, and ethanol in a ratio of 6:3:1 (20) . However, for an industrial process it would be desirable to shift this ratio in favor of butanol, a high-price solvent and chemical feedstock. Butanol is the most reduced nongaseous product of C. acetobutylicum. Thus, an improved butanol yield requires a change in electron flow, so that more electrons become available for the necessary reduction steps. This could be achieved by the inhibition of hydrogenase with CO, which results in a decrease of H2 evolution and in an increase of the butanol/acetone ratio (7, 15) .
In this connection an observation made by Maddox (18) is interesting: the fermentation of whey filtrate by C. acetobutylicum yielded butanol and acetone in a ratio of 10:1. We have confirmed the result of Maddox and have investigated the reason(s) why the butanol/acetone ratio is changed when a glucose-based medium is replaced by whey filtrate. The factors that are apparently responsible for the shift have been elucidated.
MATERIALS AND METHODS
Organisms and growth conditions. The organisms used were C. acetobutylicum DSM 792, 1731, and 1732. Stock cultures were maintained on milk medium as described previously (5) .
Whey medium was prepared as follows. Whey was boiled in a microwave oven, the precipitated protein was removed by centrifugation, and the pH was adjusted to 7.0 with 2 M ammonia. The whey was then brought to a boil under a stream of oxygen-free nitrogen and autoclaved in tightly * Corresponding author. closed glass tubes for 10 min at 121°C. After sterilization the pH was brought to 7.0 with sterile 2 M ammonia. Metal salts, vitamins, or other components were added anaerobically from sterile stock solutions where indicated. In some growth experiments citrate-free whey was used. Citrate was removed by prefermentation of whey with C. sphenoides in the following manner. C. sphenoides was grown on citrate for 24 h, harvested by centrifugation, and resuspended in medium with 10 mM citrate. After incubation for 15 min at 37°C the cells were centrifuged, suspended in whey, and incubated for 1 h. After centrifugation to remove C. sphenoides no citrate was detectable in the medium. The average content of the whey used was as follows (%, wt/vol): lactose, 4.2; protein, 0.8; lactic acid, 1; citric acid, 0.1; K+, 0.2; Ca2 , 0.2; Mg2+, 0.035; Na+, 0.1; Fe3+, 3 x 10-4; Mn2+, 9 X 10-6.
The medium for the continuous-culture experiments under iron limitation contained the following ingredients in 1 liter of distilled water: glucose H20, 60 g; (NH4)2SO4, 2 g; KH2PO4, 1 g; MgSO4. 7H20, 0.1 g; NaCl, 0.01 g; Na2MoO4 2H20, 0.01 g; CaCl2 2H20, 0.01; MnSO4-H20, 0.015 g; FeSO4. 7H2O, 2.78 mg; biotin, 0.1 mg; thiamine hydrochloride, 2 mg; p-aminobenzoic acid, 2 mg; Na2S204, 35 mg; resazurin, 1 mg. The medium was sterilized by filtration through a Seitz filter (diameter, 14 cm), with a N2 pressure of 3 x 105 Pa.
The phosphate-limited medium for the experiments with lactic and citric acid had the same composition as the above medium, except that FeSO4 .7H20 was increased to 0.015 g, and only 0.1 g of KH2PO4 was added. Single-stage experiments under iron limitation were performed in a 2-liter Biostat fermentor (Braun, Melsungen, Federal Republic of Germany) with a 1-liter culture volume. In the two-stage chemostat experiments, the outflow of the 1-liter vessel was led into a 5-liter Biostat fermentor. The dilution rate in stage 2 was regulated by varying the volume of the culture; the flow rate was as for stage 1. Lactic acid was added to the medium to obtain the desired concentration in stage 1. The concentration in stage 2 was reached by the controlled continuous addition of lactic acid directly into stage 2.
The pH in all chemostat experiments was measured with glass electrodes (Ingold, Zurich, Switzerland) and was controlled with 2 M KOH. The growth temperature was 37°C. The optical density was measured at 578 nm in a model PM 6 spectrophotometer (Zeiss, Oberkochen, Federal Republic of Germany). The light path was 1 cm. Determination of substrates and products. Glucose was determined by the glucose dehydrogenase test system (E. Merck AG, Darmstadt, Federal Republic of Germany) and lactose was measured by the lactose-galactose test system (Boehringer GmbH, Mannheim, Federal Republic of Germany). The concentration of phosphate was measured colorimetrically as the molybdate-vanadate complex (Boehringer); iron was determined as the bathophenanthrolin complex (Boehringer).
The concentration of citrate was determined by using citrate lyase. The assay mixture contained (in a final volume of 1 ml) 0.1 M potassium phosphate buffer (pH 7.2), 3 mM MgCl2, 0.23 mM NADH, 16 U of malate dehydrogenase, 11 U of lactate dehydrogenase, and 0.3 U of citrate lyase. The citrate lyase was activated in the cuvette by the addition of 5 ,ul of acetic anhydride in dimethyl sulfoxide (1:30) directly before the reaction was started. The citrate lyase used was purified from Rhodocyclus gelatinosus (3) .
Fermentation products, such as n-butanol, acetone, ethanol, butyrate, acetate, and acetoin, were determined by gas chromatography. The sample was acidified with 2 N HCl, and 1 1lI was injected into a Perkin-Elmer 3920 gas chromatograph equipped with a flame ionization detector. The 2-m glass column was packed with Chromosorb 101 (80/100 mesh). The column temperature was 150°C, the injector temperature was 200°C, and the detector temperature was 220°C. N2 was used as the carrier gas. The data were analyzed with a Shimadzu CR2AX integrator (Shimadzu, Tokyo, Japan). Concentrations were calculated with isobutanol as an internal standard.
Chemicals. The chemicals used were from the following sources: glucose was from Riedel de Haen, Seelze, Federal Republic of Germany, Chromosorb 101 was from Johns-Manville (Denver, Colo.), and resazurin was from Serva, Heidelberg, Federal Republic of Germany. All other chemicals were obtained from Merck.
RESULTS
Our initial experiments were aimed at ascertaining the reasons for the high butanol/acetone ratio observed when whey was fermented by C. acetobutylicum. The organism was therefore grown on unaltered whey, on whey supple-mented with various compounds or deficient in citrate, and on synthetic medium. The products formed were analyzed, and the results are summarized in Table 1 . Experiment 1 confirmed the results of Maddox (18) and extended them, because it could be demonstrated that the addition of yeast extract, the method of sterilization, and the presence or absence of the protein fraction had little effect on the butanol/acetone ratio. The fact that lactose is the fermentable substrate of whey did not give any explanation either. When lactose was fermented by C. acetobutylicum in a synthetic medium, the product pattern was similar to the one for glucose (experiments 2 and 3). This was also the case when the cleavage products of lactose, glucose, and galactose were given as substrates (experiment 4).
In all experiments with whey as substrate, a sharp decrease in the lactic acid concentration was observed during fermentation. Batch culture experiments in a synthetic glucose medium supplemented with 50 mM lactate confirmed the suggested effect of cofermentation of lactate on the butanol/acetone ratio. This ratio almost doubled (acetone decreased) compared with the experiment in which glucose was the only substrate (experiments 5 and 6).
A small effect of citrate and metal ions in whey on the butanol/acetone ratio was also found (experiments 7 to 10). However, neither removal of citrate nor addition of metal ions (Fe2+ and Mn2+ up to 1 mM) resulted in butanol/ acetone concentrations typical of that found in synthetic medium.
The continuous culture technique was chosen for further investigation of the factors that apparently were connected with the high butanol/acetone ratio obtained in fermentations of whey by C. acetobutylicum. Experiments in which Llactate was added at concentrations of 30 mM to the first stage of a two-stage continuous culture and at concentrations of 80 mM to the second stage are summarized in Table  2 . The lactate concentrations applied were optimal; higher concentrations resulted in a decrease of the productivity of the cultures. It should be noted that the optimum pH of the second stage was 5.0 in the presence of lactate instead of 4.3 in the absence of this supplement. The effect of lactate addition was unequivocal: it changed the ratio (second stage) from 2 to 3.8 with only a small effect on the final concentration of butanol. aThe concentration of glucose in the medium was 330 mM. Lactate was added to chemostat 2 to give final concentrations of 30 mM (stage 1) and 80 mM (stage 2). The dilution rate was 0.1 h1 for stage 1 and 0.03 h-I for stage 2.
The influence of citrate was not so pronounced. With increasing citrate concentrations the butanol/acetone ratio increased, but at the expense of the overall solvent yield; citrate at higher concentrations was inhibitory for growth, as indicated by decreasing optical densities. Thus, besides the poor nutrient content of whey and the slower growth of C. acetobutylicum on galactose than on glucose (data not shown), the citrate present may contribute to the unusually long time (5 days) needed for a complete fermentation of whey.
Ferrous ions exhibited the most drastic effect on the butanol/acetone ratio, whereas manganese ions, present either in excess or in limiting concentrations, were apparently not involved (Mn2" data not shown). In an iron-limited chemostat under solvent-producing conditions, acetone was a minor product at all dilution rates examined (D-0.06 to 0.22 h-'). The butanol/acetone ratio increased up to 6 at high dilution rates. As was the case for phosphate limitation, an increase in the pH resulted in a shift to acid formation (Fig.  1 ). However, under iron limitation, lactate instead of butyrate and acetate became the predominant product at pH > 5. The highest butanol/acetone ratio, 8, was found at pH 4.4.
DISCUSSION
The complex multibranched fermentation pathways of C. acetobutylicum provide an excellent system for the study of metabolic regulation in clostridia. Of particular interest are the changes in carbon and electron flow during fermentation and the regulation of these changes (4, 9, 12, 14, 17, 19) . More recent efforts have been directed toward increasing the butanol yield and eliminating acetone as a product. In this respect the hydrogenase may play a crucial role. A partial inactivation of this enzyme at low pH has been found by Andersch et al. (2) , and its dominant role in regulating the electron flow has been shown by Kim et al. (15) ; inhibition of hydrogenase by CO resulted in an increase in the butanol/acetone ratio.
On examination of the high butanol/acetone ratio after whey fermentation under various controlled conditions in the chemostat, we found that the iron concentration had the greatest effect on this ratio. In view of the data on the inhibition of hydrogenase by CO (7) , it can be assumed that an enzyme system involved in hydrogen evolution is also affected in this case; to balance the oxidation-reduction state of the cells, the portion of the more reduced products as compared with the less reduced products has to increase. Another potential target for iron limitation is acetoacetate decarboxylase, an iron-containing protein (22) , which is the final enzyme in the acetone pathway. Depending on the pH, either lactic acid or butanol was the major fermentation product in the iron-limited chemostat. It is interesting that lactic acid was formed instead of butyric and acetic acid at pH >5, whereas lactic acid is replaced by butanol production at low pH. It seems that iron limitation, in addition to influencing the electron flow, creates a bottleneck for the carbon flow, presumably at the pyruvate-ferredoxin oxidoreductase step. At neutral pH, electrons are thus more readily disposed of via reduction of pyruvate to lactate than via synthesis of the electron acceptors needed for acetate and butyrate formation. Similar effects of pH have been observed under sulfate limitation (6) or, as was already shown 50 years ago, by CO (16, 21) . Under both conditions lactate is the main product if the pH is maintained in the neutral range. C. acetobutylicum is not only able to produce lactic acid but is also able to coferment this compound under the conditions of solvent formation. The observed positive effect of lactic acid cofermentation on the butanol/acetone VOL. 52, 1986 . ratio is not so easily understood. Glucose and lactic acid exhibit the same redox grade. The kind of electron acceptor involved in lactate oxidation remains to be established. It may be a more effective electron donor for the reactions leading to butanol than the reduced coenzymes generated during glucose oxidation to pyruvate.
An effect on the butanol/acetone ratio might also be exerted by the pH at which the solventogenic fermentation can be performed. This pH is higher in the presence of lactate than in its absence (5.0 compared with 4.3). It should be mentioned in this connection that C. "tetanomorphum" and C. beijerinckii produce butanol but very little acetone at neutral pH (8, 11) .
The data presented here demonstrate that the butanol/acetone ratio can be improved by altering growth conditions. These conditions seem to be optimal for whey; with other substrates, the addition of lactic acid or a growthlimiting iron supply or both can mimic the situation for whey. Iron limitation and lactate cofermentation seem to provide an alternative to the use of highly toxic CO in an industrial process that is designed to yield primarily butanol and only little acetone.
